ABSTRACT The magnetic susceptibility and the density of human oxy-(HbO2) and carbonmonoxyhemoglobin (HbCO) solutions of various concentrations have been measured at room temperature, with pure water used as a calibrant. Solutions of unstripped and stripped HbO2 at pH 7.2 in unbuffered water solvent were always found to be less diamagnetic than pure water, whereas solutions of HbCO in identical conditions were always found to be more diamagnetic than pure water. After correcting for concentration-dependent density changes and assuming the HbCO samples to be fully diamagnetic, the paramagnetic reduction of the diamagnetic susceptibility of HbO2 corresponds to a molar susceptibility per heme (XMheme) of 2460 + 600 X 10-6 cgs/mol. Our finding that frozen solutions of human HbO2 show significant deviations from diamagnetism (1) has revived the debate on the electronic state of oxyheme (2) (3) (4) (5) (6) . We know of no other direct measurement of the susceptibility that has appeared since then; recent theoretical calculations give a diamagnetic ground state, in accord with our results (1), at the lowest temperatures but suggest (3, 7-9) various different energies for a low-lying triplet state, ranging up to about 8000 cm-1. Except for ref. 7, all are inconsistent with our results which suggest a singlet-triplet separation of only about 150 cm-1 but in accord with the classical work of Pauling and Coryell (10) which described HbO2 as diamagnetic. Our lowtemperature data are not directly relevant to a discussion of the room-temperature magnetic properties of HbO2 because in some hemoglobin derivatives the magnetic state of the iron ion may be irreversibly or reversibly altered upon freezing the solution. We have compared the volume susceptibility of solutions of stripped and unstripped human HbO2 at room temperature at pH 7.2, in the concentration range 5 to 25 mM in heme, to that of similar solutions of the carboxy derivative and of samples of pure water by using our SQUID susceptometer (11) as before (1). For a quantitative analysis, precise knowledge of the density of the solutions was essential and we have measured this as a function of protein concentration.
ABSTRACT The magnetic susceptibility and the density of human oxy-(HbO2) and carbonmonoxyhemoglobin (HbCO) solutions of various concentrations have been measured at room temperature, with pure water used as a calibrant. Solutions of unstripped and stripped HbO2 at pH 7.2 in unbuffered water solvent were always found to be less diamagnetic than pure water, whereas solutions of HbCO in identical conditions were always found to be more diamagnetic than pure water. After correcting for concentration-dependent density changes and assuming the HbCO samples to be fully diamagnetic, the paramagnetic reduction of the diamagnetic susceptibility of HbO2 corresponds to a molar susceptibility per heme (XMheme) of 2460 + 600 X 10-6 cgs/mol. Our finding that frozen solutions of human HbO2 show significant deviations from diamagnetism (1) has revived the debate on the electronic state of oxyheme (2) (3) (4) (5) (6) . We know of no other direct measurement of the susceptibility that has appeared since then; recent theoretical calculations give a diamagnetic ground state, in accord with our results (1) , at the lowest temperatures but suggest (3, (7) (8) (9) various different energies for a low-lying triplet state, ranging up to about 8000 cm-1. Except for ref. 7 , all are inconsistent with our results which suggest a singlet-triplet separation of only about 150 cm-1 but in accord with the classical work of Pauling and Coryell (10) which described HbO2 as diamagnetic. Our lowtemperature data are not directly relevant to a discussion of the room-temperature magnetic properties of HbO2 because in some hemoglobin derivatives the magnetic state of the iron ion may be irreversibly or reversibly altered upon freezing the solution. We have compared the volume susceptibility of solutions of stripped and unstripped human HbO2 at room temperature at pH 7.2, in the concentration range 5 to 25 mM in heme, to that of similar solutions of the carboxy derivative and of samples of pure water by using our SQUID susceptometer (11) as before (1) . For a quantitative analysis, precise knowledge of the density of the solutions was essential and we have measured this as a function of protein concentration.
MATERIALS AND METHODS
Hb solutions were prepared according to Benesch et al. (12) from blood freshly drawn from one of us (B.P.). The end products were unbuffered solutions of HbO2 about 9 mM in heme at pH close to 7 equilibrated with air. Overnight dialysis in the cold provided solutions of higher concentration, when needed, and, as a final step, KCN was added to a molar concentration of 15% of that of the heme to stabilize any metHb present in the low-spin form (13) . At this stage, each sample was divided into two parts. One half was stored at 40 until used. The other half was gently shaken and flu-shed repeatedly in the cold with high-purity wet CO in a home-made tonometer for 1.5 hr. Optical spectra of the samples were taken after dialysis and after magnetic measurements to determine the heme concentration. A detailed analysis of the samples was also performed. Atomic absorption spectra gave a total amount of Fe in agreement with the optical spectra measurements on aliquots of the samples fully converted, respectively, to Hb, to HbCN, and to pyridine hemochromogen. Electron paramagnetic resonance measurements gave no sign of species at g = 4.3, a typical iron contamina'nt in biological samples. By the same method the Cu and Mn contents were estimated to be of the order of 10 AM and less than 0.1 ,uM, respectively. The catalase content, estimated from its activity, was found to be at least 2 orders of magnitude smaller than the Hb content. Therefore, the iron content was the same as the heme content and Hb content and paramagnetic contaminants were present at concentration levels smaller by at least 3 orders of magnitude. The fraction of HbCN, which is the only ferric Hb present after addition of KCN, was estimated, from the optical spectra, to be about 6% of the total Hb at the time of the magnetic measurements, in accord with recent observations that indicate that KCN does not oxidize HbO2 at millimolar concentrations (14) .
We avoided bubbling 02 or CO through the solutions or outgassing them with vacuum pumps so as not to alter the final density.
The samples of HbCO were also stored at 40. All samples were used no more than a few days after the desired concentration had been obtained and often within 1 day. They were never frozen, except once to study the susceptibility changes on crossing the freezing point. Water samples for calibration were obtained by repeated distillation. Again, outgassing by boiling was avoided and was unnecessary because the roomtemperature paramagnetic contribution of oxygen, at the concentration of 0.24 mM corresponding to the known solubility, is negligible compared to our experimental error.
Magnetic susceptibility measurements were made with the oscillating sample superconducting magnetometer (11) . The sample compartment was kept at about 120 and the measuring magnetic field was usually 30 Oe (1 Oe = 80 A/m). Under these conditions, samples could be easily and reproducibly interchanged, and the system allowed measurements to be taken for about 3 hr before the liquid helium boiled off. This time sufficed for several measurements on each sample of HbO2 and HbCO, of similar heme concentration, and for calibration with pure water. The same quartz sample holder was used for each set of measurements by filling it with each sample in turn. Occasionally, the empty holder was run to check its null contribution to the sample signal, a distinctive feature provided by our method (11) . Holders of slightly different capacity gave identical results. The saline solutions used for the preparation * To whom correspondence should be addressed. 4916
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of the samples were also tested occasionally and gave a signal identical to that of pure water, as they should within our resolution.
The experimental error was obtained from the reading error of the instrument, about 0.4% of the susceptibility of water or 3 X 10-9 cgs/cm3, and by the reduction of raw data to absolute values through calibration with water in the same run. Within one run the reproducibility of measurements on the same sample or after refilling the holder with another aliquot of the same sample or after refilling with a sample of the same concentration from another preparation was invariably better than the reading error of the instrument.
We also compared the densities of our samples with known values by weighing measured volumes of the solutions at room temperature. Assuming the additivity of the partial volumes of water (d4)-l and of fully hydrated hemoglobin (dHb)-', the dependence of the density of the Hb solution (d.oj) on the heme concentration (nheme) and the average molecular weight of the protein M is given by: dsol = dw + nhemeM (1 _d) [1] With the values (14) Fig. 1 and gives Equally unlikely is the spontaneous dissociation, at 50 K, of oxygen proposed by Pauling (2) to explain our previous results (1), because ligands sdem to be unable to leave the heme crevice at 50 K, even under photolytic events (17) . High-spin metHb contamination can also be ruled out. First, it never shows in the optical spectra, so that it must be less than 3% of the heme concentration. Second, addition of KCN converts it to the low-spin form (13) so that, to get the observed Xhre, we would need more hemes in the ferric low-spin state than we actually have in solution. Other impurities are also unlikely: to get the observed Xheme, 16% of the iron in the sample should be in the highest magnetic moment state possible-e.g., MAe = 5.9 B.M.-when 02 is present and revert to a fully diamagnetic species when CO is present. We have no evidence for such a strange impurity and no hint of its presence from the optical spectra.
The situation is different in studies of model compounds (6) , in which such amounts of high-spin ferric impurities may arise from the synthetic procedure. Our samples contained Hb A2 at physiological concentration because no effort was made to remove it. However, it should be only 4% and Hb A2 has the same ligand affinity as Hb A (14) . Thus, we must conclude that, at 30 Oe magnetic field, in human HbO2 A, at pH 7, unstripped and stripped, in unbuffered solutions, the iron-dioxygen complex is paramagnetic at room temperature with xhlime = +2460 ± 600 X 10-6 cgs/mol of heme, which corresponds to an effective magnetic moment of /le = 2.4 ± 0.3 B.M.
Comparison with Earlier Magnetic Measurements. Our results disagree in all respects, both for HbO2 and for HbCO, with the classic study of Pauling and Coryell (10) . The HbCO data agree well with those of Taylor and Coryell (18) ; the HbO2 data do not. The only other published experimental study we were able to trace (15) does not give an answer if the raw data with their errors are considered; the elaboration of the data is found to be incorrect.
In Fig. 2 , the earlier data are plotted similarly to ours as in tions; AWwater corresponds to the measurements of "water against air" and WHbCO, to "HbCO solution against water" as given in refs. 10 and 18. This procedure is legitimate because the Gouy method, which gives responses proportional to the volume susceptibility, was used. Only data pertaining to true solutions have been plotted, for which we now know the concentration dependence of the density. We have disregarded data pertaining to whole blood or suspended erythrocytes because we do not know how to work out their density. Data from ref. 11 are reproduced directly, as the raw data for volume susceptibility. In Fig. 2 , we have also redrawn the best fit lines shown in Fig. 1 . Fig. 2 shows that the data of ref. 15 are inconclusive because the concentration is too low and the error bar too large, despite results from about 30 independent determinations. Possibly the data suggest HbCO to be slightly more diamagnetic then HbO2, in accord with our measurements. Those authors concluded that HbO2 is as diamagnetic as HbCO, but this is invalid because they assigned the same density to solutions of quite different concentrations.
Because the same data were used (15) HbCO (0) and HbO2 (0), and from ref. 10 for HbCO (v) and HbO2 (A) (see text). Lines are the same best fits to the data of the present work as given in Fig. 1.   (10, 18) to the spin-only value Mie = 4.9 B.M., we would like to comment on these matters too. From the data adapted from ref. 18 for HbCO, it can be seen that they follow very well the behavior expected from Eq. 2, with the parameters that fit our data. Taking old and new data together, we may conclude that the magnetic moments given in ref. 18 for various derivatives including Hb need not to be corrected by a reevaluation of the diamagnetic correction. A recent study (16) (10) for whole blood and solutions, which may show quite different densities. We cannot explain these inconsistencies.
Comment. Our present results confirm our previous ones (1) from which we concluded that the energy levels of the irondioxygen complex in HbO2 show a singlet ground state and excited nonzero spin states at energies roughly 150 cm-' above. Because our method cannot localize the spin distribution, we will not discuss it here, although the Weiss model (19) appeals to us as adequate in its simplicity. However, we cannot exclude models (4) in which a ferrous iron at intermediate spin S = 1 couples to an S = 1 oxygen. Within the present experimental errors, taking both low-and room-temperature results, the fit with an excited triplet state is quite adequate (1) .
The existence of a triplet state in the iron-dioxygen complex at energies lower than predicted by at least some of the theoretical calculations has been advanced in the past. Indications came from Mossbauer spectra (20) and x-ray fluorescence (21) . The met-superoxide model (19) would be consistent with such a view and is suggested by studies of model compounds (6) , by analogy with cobalt complexes (22) , by analysis of the infrared (6, 23) and Resonance Raman spectra (24, 25) , by analysis of products of flash-photolysis of oxyhemoglobin (26) , and by conversion of oxyhemoglobin to methemoglobin (14) . All the techniques involved the delivery of considerable amounts of energy to observe the electronic state of the iron and the oxygen. Even our initial low-temperature study (1) may be put in this category if we consider the possibility of internal strains induced by freezing. Our present results are the only ones to indicate the presence of such a triplet state at energies close to or smaller than the room-temperature thermal energy without the delivery of anything energetic to the system. Even the applied field, about 30 Oe, is orders of magnitude smaller than that, approximately 10,000 Oe, used in connection with Gouy or Faraday methods.
The temperature dependence of the Mossbauer spectra of model compounds (6) has been interpreted in terms of a room-temperature diamagnetism of the iron-dioxygen complex and a multiple well-and-barrier system for the rotation of the oxygen molecule around the iron-oxygen bound. Phillips (27) has determined the structure of oxymyoglobin and found the bound oxygen at a unique site; Heidner et al. (28) had already shown that steric hindrance in the heme pocket would also confine the oxygen in Hb to a single site. In any case, the construction of the pocket is similar in myoglobin, so that Phillips' finding would apply to both proteins. With the oxygen in a unique site, the temperature dependence of the Mbssbauer spectra of HbO2 cannot be reconciled with purely diamagnetic states but needs the presence of low-lying paramagnetic states with appreciable occupancy at 200 K (20) , in qualitative agreement with our susceptibility data.
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